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Objectivss. The objectfve nf this study was 
anterior descending coronary artery ~o~~le~ bl 
and great cardiac vein thermodilution blood flow 
coronary flow reserve and submaximal coronary v~s~d~iat~on in 
humans, 
Background. Reported maximal coronary flow reserve 
obtained with the coronary venous tl~ermodilotioo meth 
IO than those obtained with other measurement methods. 
look Thermodilution measurements of great cardiac vein 
flow in 11 subjects were compared with simultaneous Doppler 
measurements of changes in left anterior descending coronary 
flow velocity after intrdcoronary administration of papaverine, 
nitroglycerin, iohexol and intravenous administration of dipyrid- 
amole. 
The measurement of coronary flow reserve has been used to 
evaluate the physiologic significance of coronary stenoses 
and to assess arteriolar vasodilator function in disorders 
such as left ventricular hypertrophy ,and syndrome X (1). 
During cardiac atheterization, coronary flow reserve mea- 
surement is most commonly performed by using the contin- 
uous venous thermodilution (2)or the intracoronary Doppler 
catheter (3) technique to assess changes incoronary blood 
flow. However, eported values for coronary flow reserve 
obtained with the coronary venous thermodilution method 
are typically much smaller than those measured by the 
coronary Doppler method uring a similar vasodilator stim- 
ulus (3-8). The purpose of this study was to compare 
simultaneous thermodilution measurements of great cardiac 
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tently and substantially smaller than 
the use of different techniques. 
(J Am Cell Cardio~ 1992;20. 
vein flow and Doppler catheter measurements of left anterior 
descending coronary artery flow velocit:y inthe assessment 
of pharmacologic coronary vasodilation and coronary 
reserve in humans. 
Patients. Patients undergoing elective coronary arteriog 
raphy for the evaluation of chest pain were considered for 
study if arteriography revealed absence of obstructive coro- 
nary atherosclerosis involving the left main or the proximal 
left anterior descending coronary artery that would preclude 
coronary Doppler catheter flow velocity measurement in the 
proximal left anterior descending artery. Eight men and 
three women (aged 48 f 9 years [mean f SD]) were 
enrolled. Their clinical and angiographic characteristics are 
shown in Table 1. Five subjects had focal coronary obstruc- 
tion (diameter stenosis 220% by computerized quantitative 
analysis [9]) of the left anterior descending artery, one 
subject had obstruction of the left anterior descending and 
occlusion of the right coronary artery and one had obstruc- 
tion of the left circumflex coronary artery. One subject had 
had a prior myocardial infarction, five subjects had a history 
of hypertension a d one subject had electrocardiographic 
(ECG) and echocardiographic evidence of left ventricular 
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, Clinical and ~~~i~~~a~~~~~ Characteristics of I1 Subjects 
~~ 
Subject Age (yrV Corunary Ohsrrlpclion Proximal LAD MyOCdial Left Ventricular 
NO. Gender (diameter stenosis) Diameter (mm; Inkction ypertension Hypertrophy 
1 66/M LAD prox (20%) 3.8 NO Yes NO 
2 35/M LAD prox (27%). 3.2 Yes NO NO 
RCA prox occlusion 
3 56/F NO?E 2.8 No NO No 
4 44/M LAD mid (60%) 3.9 No No No 
5 43/M LAD prox (35% 2.8 No Yes No 
6 5QlM None 3.1 No Yes No 
I 50/M None 4.1 No Yes Yes 
8 53/F LCx mid (68%) 2.4 No No No 
9 39/M None 4.1 No No No 
IO 51/F LAD prox (73%) 3.? No Yes No 
II 45/M LAD prox (67%) 3 No No No 
F = female; LAD = left anterior descending coronary artery: LCx = left circumflex artery: M = male: mid = middle segment; prox = proxirzal segment: 
RCA = right coronary artery. 
hp. The research prot 
of lOWh ~~st~t~t~Q~~a~ 
earth protocol was obtained 
each subject before ctirdiac atheterization. 
A new coronary sinus thermodi- 
el 75-2337, Electra-Catheter Cor- 
poration, or CC!? regional Pepine 2D, Webster Laboratories) 
was advanced to the great cardiac vein by the internal 
jugular or subclavian approach and connected to a Bairn 
Coronary Sinus Flow Analyzer and Flow Calculator (model 
71-C2000 and model 71-C2500, Electra-Catheter Corpora- 
tion). Calibratican factors from the manufacturer were used 
when provided or catheters were calibrated inour labora- 
tory. In vitro flow studies with four catheters comparing 
manufacturer-provided calibration factors with calibration 
factors determined Inthe laboratory revealed no significant 
differences in measured flow. The catheter position was 
adjusted within the great cardiac vein to obtain a stable rest 
flow signal. Catheter position was confirmed by hand injec- 
tion of 3 to 5 ml of contrast medium through the tip lumen, 
and a stable position was maintained byfrequent comparison 
of the position of radiopaque catheter markers with fluoro- 
scopic landmarks. Room temperature 5% 
was infused at 38 (n = 5) or 45 (n = 6) 
pump or angiographic injector during flow measurement. 
Infusion rates were verified by timed volume collection and 
flow calculations reflected the indicator infusion rate used. 
An 8F coronary guiding catheter (Shiley or USC1 
was positioned at the left main coronary ostium and a 
0.014-in. (0.036-cm, coronary angioplasty guide wire (USCI 
Bard) was advanced into the left anterior descending artery. 
A 3F 2Q-MHz coronary Doppler catheter (NuMed) was 
advanced over the guide wire into the proximal left anterior 
descending artery and positioned to obtain a high quality 
phasic signal of blood flow velocity. A Doppler meter using 
the zero cross method (3) (Bioengineering Department, 
itals and Clinics) was ~~~ge-gate~ to 
velocity signal. Great cardiac v 
phasic and mean left anterior des 
velocity (kHz shift), mean arteriai pressure obtained from 
the guiding catheter. heart rate and the KG were recor 
on a multichannel r corder. 
E toeol. Subjects were brought to rhe car- 
diac labciratory in a fasting state. Diazepam 
(5 to 10 mg intravenously or orally) was given for sedation. 
No subject received atropine premeditation. The s?udy was 
performed during intravenous infusion of nitroglycerin at8 
pg/min to minimize changes inproximal coronary artery size 
dt.;ing the study. Great cardiac vein thermodilution flow and 
leti anterior descending coronary artery blood flow velocity 
were recorded sirnrrltar~~~sly during administration f the 
following coronary vasodilators: papaverine (intracoronary 
administration in incremental bolus doses to a maximum of
12 mg through the guiding catheter to produce maximal 
coronary vasodilation [ = II]), dipyridamole (0.56 mglkg 
intravenously over 4 min [n = 5]), nitroglycerin (intracoro- 
nary administration f 200 mg [n = 31) and iohexol (intra- 
coronary administration f 6 ml [n = 21). Flow velocity was 
allowed to return to a stable rest level before administration 
of each subsequent vasodilator stimulus. 
The ratios of peak flow to flow at rest (thermodilution 
method) and peak flow velocity to flow velocity at rest 
(Doppler method) were calculated for each vasodilator inter- 
vention. Coronary flow reserve was defined as the ratio of 
peak to rest flow or flow velocity after a maximally dilating 
dose of intracoronary papaverine. 
ta analysts, All values were expressed as mean value 
Doppler-measured an thcrmodilutio~-measured re- 
sponses were compared by using the ttio-tail Stwdcnt a Id 
and linear regression analysis. Statistical Sig?IifiCanCe was 
defined as p < 0.05. 
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Figure 1. I,eft anterior descending coronary artery Doppler mean 
flow velocity, great cardiac vein thermodilution flow and mean 
arterial pressure at control and during maximal coronary dilation 
after intracoronary administration of 12 mg of papaverinc. Coronary 
flow reserve (CFR) was 7.4 by the Doppler method and 3-2 by the 
thermodilution method. 
est hem~yn~mics. At rest, the heart rate averaged 77 * 
13 beats/min, mean arterial pressure was 108 * 15 mm Hg 
and great cardiac vein flow was 84 + 26 ml/min. 
Coronary flow reserve measurement. A representative 
recording of Peft anterior descending artery Doppler- 
measured flow velocity and great cardiac vein thermodilu- 
tion-measured flow responses after intracoronary injection 
of papaverine is shown in Figure 1. Gzonary flow reserve 
measured with the Doppler method averaged Z.7 C ! .7, and 
was significantly greater than the flow reserve measured ,::ith 
the thermodilution method, which averaged 2 Z!I 0.7 (p c 
0.001, Fig. 2). The Doppler peak/rest flow velocity ratio 
substantially exceeded the thermodilution peak/rest flow 
ratio during s~b~~~~~~~~~ difation &X an ~~tr~~~~~~~~~ dose 
of papaverine 6 mg (Doppler 3 ?I 1.2 vs. thermodilution 
I.9 C 0.5, n = 5, p 4 0.05, Fig. 31, and during more sustained 
coronary dilation with intravenous dipyridamole (Doppler 
2.? + 1.1 vs. thermodilution 1.8 i: 0.5, n = 5, p < 0.05, Fig. 
3). A plot of left anterior descending artery Doppler peak/ 
rest flow velocity versus great cardiac vein thermodilution 
peak/rest flow for ah vasodilator doses given (n = 34) in 
the 11 subjects i  shown in Figure 4. Thermodilution a d 
Doppler fiow ratios were related by the linear expression: 
thermodilution = 0.37 x Doppler + 0.64, n = 34, R* = 0.78, 
p < 0.001, and SE of the slope = 0.04. 
ssio 
This study demonstrates that during drug-induced coro- 
IIL-y vasodilation, the increases in coronary blood flow 
measlured by the great cardiac vein thermodilution technique 
are substantially smaller than those observed by using left 
anterior descending artery Doppler flow velocity measure- 
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Figure 2. Coronary flow reserve (peak/rest flow ratio after a maxi- 
mally dilating dose of intracoronary papaverine) simultaneously 
measured using the left anterior descending artery Doppler and great 
cardiac vein thermodilutio~ methods. Coronary flow reserve mea- 
sured with the Doppler method (mean Z!Z SD, 3.7 Z!Z 1.7) was 
significantly greater thau the flow reserve measured with the ther- 
modilution method (2.0 A 0.7). 
ments. Smaller thermodilution flow responses were ob- 
served uring coronary flow reserve measurement af er a 
maximally dilating dose of intracoronary papaverine, sus- 
tained ilation resulting from intravenous dipyridamole and 
submaximal di ation occurring with low dose intracoronary 
~apaveri~e, n~troglyce~j~ an a~iogra~bic contrast medium. 
Figure 3. Left anterior descending artery Doppler peak/rest flow 
velocity ratios and great cardiac vein thermodilution peak/rest tlow 
ratios measured simultaneously after submaximal coronary dilation 
with :l:tracoronary administration of papaverine, 6 mg, and during 
sustainea coronary dilation with intravenous administration of 
dtpyLcj/a~ole, 9.56 mglkg. 
leti anterior greet cardiac 
descending artery vein 
Doppler thermcdllution 
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Plot of left anterior descending ppler peak/rest flow 
velocity ratios and great cardiac vein ther lution peak/rest flow 
ratios measured simultaneously after adinj~istrat~nn of‘ papaverine, 
, nitroglycerin and bhexol in Ii patients. The ther- 
w ratios and Doppler flow ratios were linearly related; 
thermodilution = 0.34 x Doppler -I- 0.64, R’ = 0.48, n = 34. p < 
0.001. 
nary blood flow velocity measured with the Doppler cathefer 
correlate well G!b changes in measured timed volume 
collections of coronary sinus blood over a wide range of 
aximai coronary reactive byperemia rc- 
with an epicardial flow probe were iden- 
tical with or without the Doppler catheter inthe artery under 
study. When global myocardiai flow was altered pharmaco- 
logically, changes in coronary blood flow velocity assessed 
by the catheter were highly correlated with simultaneous 
mea sofflo ity asured by using an epicar- 
dial probe in separate ~e~ns~on field. 
These findings uggest that changes in blood flow velocity 
measured in individual coronary arteries by the coronary 
Doppler catheter accurately reflect changes ‘in coronary 
blood flow, and that the catheter does not produce physio- 
logically detectable obstruction. A major disadvantage of the 
Doppler method IS the inability to measure absolute coro- 
nary blood flow, and the systematic underestimation of 
absolute flow velocity using zero cross signal analysis tech- 
niques (10). However, changes in coronary blood flow 
velocity are accurately measured with the ze:o cross method 
(3,lO). An additional disadvantage of the Doppler method is 
the requirement for coronary instrumentation. However, 
transesophageai Doppler techniques hold promise for less 
invasive Doppler determination f coronary flow reserve 
(11). 
Changes in coronary flow velocity during an intervention 
may not accurately reflect changes in volumetric flow if 
the intervention also alters the coronary lumen diameter at 
the site of vdodt;l measurement. Previous tudies have 
demonstrated only trivial changes in coronary diameter 
after administration f intracoronary papaverine and intra- 
low dcse intravenous 
ing artery and great cardiac vei 
descending artery occlusion and 
peremia na canine preparation empi~y~ng selective cannu- 
lation of these vessels. hlth left anterior desce 
artery and great cardiac vein were similar under 
line conditions, left anterior tending artery occlusion 
caused only a 56% 
peak great cardiac 
ated peak left anterior descending artery flow by 
nearly 40%. In their study cnniue cardiac venous flow 
patterns were accurately characterized by using models that 
employ low resistance venous: interconnections. Nakazawa 
et al. (14) demonstrated that 37% of left anterior descending 
artery flow drained through routes other than the great 
cardiac vein, and that ligation of visible surface vascular 
connections between the left anterior descending artery :n 
left circumflex marginal beds increased the amount of left 
anterior descending artery flow recovered in the great car- 
diac vein. Extensive cardiac venous intercommunications 
have been observed in human angiographic (15) and nec- 
ropsy studies (16). 
Problems related to the thermodiintion metbodo~ogy have 
also been identified. The initial validation 
performed with a coronary sinus therm 
that was positioned through acannuia that apparently iso- 
lated the coronary sinus effluent from right atriai blood (21. 
ovement of the catheter in the coronary sinus may pro- 
foundly change measured flow (17), presumably because of 
the varying contribution ofvenous tributaries. The extent to 
which these problems exist during reat cardiac vein as Wei1 
as coronary sinus flow measurement is unknown. The appli- 
cability of the great cardiac vein thermod~lutjon validati 
study of Pepine t al. (I$) to studies of awake patients in
cardiac atheterization laboratory is uncertain. This study 
was performed inanesthetized patients at the time of bypass 
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surgery. Electromagnetic flow probes acutely placed un 
bypass grafts to the left anterior descending artery served 2s 
the coronary flow comparison standard, and stability of the 
thermodilution catheter position could be confirmed by 
direct inspection. The profound reduction in great cardiac 
vein flow observed in that study during interruption f blood 
BOW to the left anterior descending artery is markedly 
different from the modest decrease in great cardiac vein flow 
reported during occlusion of the left anterior descending 
artery by angioplasty balloon inflation in conscious subjects 
(19,20). 
Comparison with pl’evious studies. The coronary venous 
thermodilution method has been used in several clinical 
studies to measure maximal coronary How (4-6). In these 
studies peak thermodilution Row averaged approximately 
2.7 times the flow at rest in normal subjects. In several 
studies using the Doppler technique and a similar vasodilator 
stimulus the coronary flow reserve averaged 4.4:l (3,7,8). 
Kern et al. (21) measured papnvcrinc flow reserve after 
balloon angioplasty using either the left anterior descending 
artery Doppler or great cardiac vein thermodilution tech- 
nique, and noted higher How reserve values with the Doppler 
method. To our knowledge, the present study is the first to 
measure flow changes using the Doppler and thermodilution 
techniques simultaneously in humans. 
&imitations of present study, The present study demon- 
strates a significant discrepancy between the Doppler 
and thermodilution methods of measuring coronary flow 
reserve, but does not identify the source of this discrep- 
ancy. Considering the limitations of the coronary vein ther- 
modilution method described, it seems likely that the dis- 
cregt;ncy is due at least in part to underestimation of flow 
changes by this method. However, the possibility that flow 
changes were overestimated by the Doppler method cannot 
be excluded. Wc did not attempt to compare these Iwo 
methods with a third independent method of measuring flow 
reserve. There are significant limitations to the other tech- 
niques for measurement of coronary blood flow in the 
cardiac carhcterizntion laboratory (22.23). None would be a 
suitable reference standard for measurement of coronary 
flow reserve. 
The present study evaluated flow increases by using the 
thermodilution and Doppler techniques during relatively 
!arge changes in coronary blood flow resulting from admin- 
istration of direct-acting coronary vasodilators. It did not 
directly address the ability of these two techniques to 
measure smaller metabolically mediated coronary flow 
changes. such as those occurring during atriat pacing or 
administration of antianginal or positive inotropic drugs. 
eliniCa1 iIllp!icrrtionS. Coronary flow reserve is an index 
Of the vasodilator capacity of the coronary circulation that 
has been used to assess the physiologic significance of 
coronary StenOSeS, as well as to evaluate the results of 
co*onary angioplasay nd coronary bypass surgery. Coro- 
nary f’!ow reserve and submaximal coronary blood flow 
increases measured by the thermodilution method are con- 
sistently and substantially smaller than those detcrm~ned 
from left anterior descending coronary Doppler flow velocity 
measurements. This discrepancy has important implications 
for the comparison of coronary flow reserve meas~remenks 
performed using different techniques. 
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